Differential x-ray phase contrast imaging using a grating interferometer was combined with a magnifying cone beam geometry using a conventional microfocus x-ray tube. This brings the advantages of a magnifying cone beam setup, namely, a high spatial resolution in the micron range and the possibility of using an efficient, low resolution detector, into differential phase contrast imaging. The authors present methodical investigations which show how the primary measurement signal depends on the magnification factor. As an illustration of the potential of this quantitative imaging technique, a high-resolution x-ray phase contrast tomography of an insect is presented.
X-ray absorption imaging is a common tool for medical diagnostics and industrial nondestructive testing. However, if weakly absorbing samples are under investigation, the applicability of conventional absorption x-ray imaging is limited. In this case, phase sensitive x-ray imaging, which uses the phase shift rather than the absorption as an imaging signal, can overcome these shortcomings, since it offers a significantly increased contrast.
1 Various x-ray phase contrast techniques exist, [2] [3] [4] [5] [6] but only propagation based methods 3 and recently developed grating based methods [4] [5] [6] work well with a broad energy spectrum and therefore they can be combined with laboratory x-ray sources. With grating based methods, the differential phase contrast ͑first derivative of the phase shift͒ is measured. This is an advantage in comparison to propagation based methods, as these produce data containing the second derivative of the phase shift. For propagation based methods, a detector with high spatial resolution is imperative. Using previous grating based methods the spatial resolution is limited by the detector, which also necessitates a high detector resolution in many cases. In this letter, we present a setup for differential phase contrast imaging in combination with a microfocus x-ray source and projection magnification. This makes detector systems with moderate spatial resolution applicable for high-resolution phase contrast imaging. Thus, thick scintillators with good detection efficiency even at higher energies can be used.
An outline of the setup is shown in Fig. 1 . The phase grating g 1 , with lines showing negligible x-ray attenuation, but a phase shift of , acts as a beam splitter. It divides the incoming beam essentially into the +1st and −1st diffraction orders. Downstream of g 1 , the diffracted beams interfere and form a periodic interference pattern in planes parallel to g 1 . Due to the fractional Talbot effect, 7 this pattern exhibits a maximum modulation at distances
for a parallel beam setup, 6 where is the wavelength, p 1 the period of g 1 , and m an odd integer which corresponds to the order of the fractional Talbot distance. For a cone beam setup, these distances rescale to
The interference pattern shows a lateral period of p 2 = p 1 /2 for a parallel beam setup and
for a cone beam setup. 6 If an extended x-ray source is used, the source size must be chosen small enough so that the transversal coherence length ⌳ c = ϫl / at the plane of g 2 is larger than the separation h m = mp 1 / 4 of the interfering beams, because only in this case does the interference pattern have a reasonable degree of modulation. Modifications of the incident wave front due to an object in the beam path lead to a change of the first order diffraction angle of
where ‫ץ‬ PG / ‫ץ‬x PG is the differential phase shift at the phase grating plane. Thereby, the position of the interference fringes is shifted by s = ⌬␣ PG ϫ d m * . Consequently, a measurement of the position change of the interference fringes yields the differential phase shift caused by the object with
where =2 ϫ s / p 2 * is the lateral shift of the interference pattern. In order to determine the location of the fringes of the interference pattern, it is scanned with the absorption grating g 2 , which consists of highly absorbing bars and has a period which matches p 2 * . Thereby, a series of images is recorded at different relative positions of the two gratings. 6 The method also works with a polychromatic energy spectrum, because the interference fringes have a high modulation 6 for a relatively large energy interval. A simple approach to account for a polychromatic energy spectrum is to assign an effective mean energy, derived from transmission data, to the measurement. 5 Our setup for grating based differential phase contrast imaging with a magnifying cone beam geometry comprised a Hamamatsu microfocus tube with a W target and a focal spot size of approximately 8 m ͑manufacturer's instructions based on DIN EN 12543-5͒, operated at 50 kV and 100 A. A source-detector distance of r 2 = 1770 mm was chosen. The setup was optimized for a photon energy of 17.5 keV which results in a structure height of 23 m for the silicon phase grating, yielding a phase shift of . Two different phase gratings were available with periods p 1 of 3.94 and 3.82 m, for application with an intergrating distance set to the first ͑m =1͒ and the third ͑m =3͒ fractional Talbot distance ͑calcu-lated for 17.5 keV photon energy͒, respectively. They yield a lateral period of the interference pattern of 2 m for m =1 and m = 3. This corresponds to the period of the absorption grating g 2 , which consisted of 12 m thick gold absorber structures. A charge coupled device camera coupled to a 600 m thick Hamamatsu CsI scintillator using an objective lens was applied as a detector system, yielding an effective pixel size of 100 m.
In order to study the physical effects in grating based differential phase contrast imaging, a cylindrical polymethyl methacrylate ͑PMMA͒ rod with a diameter of 2.1 mm was investigated as a test object. For this measurement, the distance between g 1 and g 2 was set to the first fractional Talbot distance ͑m =1͒. Different magnifications M = r 2 / r 1 between 2 and 14 were selected by varying r 1 . The axis of the rod was parallel to the grating lines. The values of the fringe shift and thus the differential phase shift ‫ץ‬ PG / ‫ץ‬x PG recorded for the cylinders along a straight line perpendicular to the axis are presented in Fig. 2͑a͒ . As apparent from the figure, these values vary with M and r 1 , respectively. The total x-ray phase shift caused by the object is denoted by obj ͑x obj ͒ at the position of the object and PG ͑x PG ͒ at the position of the phase grating. These two functions are related to each other by obj ͑x obj ͒ = PG ͑x PG ͒, with x obj = x PG ϫ r 1 / l. Therefore, the differential phase shift follows the basic relationship
This gives a mathematical proof for the decay of ‫ץ‬ PG / ‫ץ‬x PG with decreasing r 1 . The situation is visualized in Fig. 3 . The differential phase shift due to the object causes a refraction of the incident beam of
independent of the projection magnification. Due to the large distance between the object and the phase grating, the refracted beam hits g 1 at a different position. The angular deviation ⌬␣ PG between the refracted and the undisturbed ͑dashed͒ beam depends on r 1 and is smaller than ⌬␣ obj , cf. Fig. 3 . From geometry, it follows that
In combination with Eqs. ͑4͒ and ͑7͒, this gives a graphic explanation of Eq. ͑6͒. For the setup applied, the PMMA cylinders show an x-ray transmission of 91.5%. By comparison with tabulated values, 9 an effective mean photon energy of 23.6 keV is deduced. From the differential phase shift derived using Eq. ͑5͒ with this effective energy, the total phase shift was calculated ͓Fig. the center of the rods are all in agreement with the calculated value of 38 ͑Ref. 9͒. These measurements prove that the lateral shift of the interference fringes decreases with the object magnification, which makes the measurement less sensitive. This can be compensated by enlarging the distance between the phase and the analyzer grating. The measurement described above was repeated for a magnification of M = 2 with an intergrating distance set to the third fractional Talbot distance ͑m =3͒. The results are presented in Fig. 4 . For m = 3, the primary measurement signal is three times larger in comparison to that for m =1 ͓Fig. 4͑a͔͒, whereas the total phase shift is identical ͓Fig. 4͑b͔͒. This is in agreement with Eq. ͑5͒.
These studies clearly show that the experiment allows us to determine quantitatively the total phase shift. Therefore, the data can be used for a tomographic reconstruction of the refractive index decrement ␦. In order to demonstrate the capabilities of the method, a phase tomography of a wasp was acquired with the setup described above, using 360 projections with a total exposure time of approximately 33 h and a magnification factor M of 3.5. A rendered visualization of the refractive index decrement ␦ distribution is presented in Fig. 5 . The result clearly shows that details smaller than a detector pixel of 100 m can be resolved.
Summing up, a setup for high-resolution differential phase contrast imaging using a magnifying cone beam geometry was presented. It was shown, both theoretically and experimentally, that the primary measurement signal and the differential phase shift determined are lowered as the magnification is increased. This turned out to be imperative in order to determine the total phase shift correctly. A simple possibility for compensating this effect by an increase of the primary measurement signal was demonstrated. Finally, the capabilities of the method were demonstrated by a phase tomography of an insect.
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